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The thermal conductivity κ of the cuprate superconductor La1.6−xNd0.4SrxCuO4 was measured
down to 50 mK in seven crystals with doping from p = 0.12 to p = 0.24, both in the superconducting
state and in the magnetic field-induced normal state. We obtain the electronic residual linear term
κ0/T as T → 0 across the pseudogap critical point p? = 0.23. In the normal state, we observe an
abrupt drop in κ0/T upon crossing below p
?, consistent with a drop in carrier density n from 1+p to
p, the signature of the pseudogap phase inferred from the Hall coefficient. A similar drop in κ0/T is
observed at H = 0, showing that the pseudogap critical point and its signatures are unaffected by
the magnetic field. In the normal state, the Wiedemann-Franz law, κ0/T = L0/ρ(0), is obeyed at
all dopings, including at the critical point where the electrical resistivity ρ(T ) is T -linear down to
T → 0. We conclude that the non-superconducting ground state of the pseudogap phase at T = 0
is a metal whose fermionic excitations carry heat and charge as conventional electrons do.
Introduction. – Cuprate high-temperature supercon-
ductors exhibit a variety of correlated phases that in-
teract with each other and with superconductivity, and
understanding their associated complex phase diagram
is a central challenge of condensed matter physics [1].
The chief mystery is the pseudogap phase [2], a phase
that appears to break a number of symmetries, such as
time-reversal [3, 4] and four-fold rotation [5, 6], below a
temperature T ?, but whose fundamental nature is still
unclear. Several questions pertain to the critical doping
p? at which the pseudogap phase ends at T = 0 [7]. At p?,
the electrical resistivity remains T -linear as T → 0 [8, 9]
(Fig. 1). Does this imply a breakdown of the quasiparti-
cle picture for the charge carriers? Upon crossing below
p?, the Hall number nH measured in the normal state of
YBa2Cu3Oy (YBCO), reached by applying a large mag-
netic field, is seen to drop dramatically [10], showing that
the Fermi surface undergoes a rapid transformation upon
entering the pseudogap phase. The drop in nH has been
attributed to a drop in carrier density n, from n = 1 + p
above p? to n = p below, and explained in terms of
a state that breaks translational symmetry [11–14], or
not [11, 15, 16]. Alternatively, the drop in nH has been
attributed to a nematic deformation of the Fermi sur-
face [17].
Below p?, the electrical resistivity ρ(T ) measured in
the normal state of La2−xSrxCuO4 (LSCO) down to low
temperature, reached by applying a large magnetic field,
increases dramatically as T → 0 [18]. Originally inter-
preted in terms of a metal-to-insulator crossover upon
cooling, the low-T upturn in ρ(T ) has recently been at-
tributed to a loss of carrier density below T ? [19]. Is
the upturn in ρ(T ) the result of localization or loss of
carriers? Are these various properties of charge trans-
port measured in the presence of large magnetic fields
the faithful signatures of the pseudogap phase unaltered
by the field? Is the field a significant perturbation of the
normal state itself?
Here we address these questions with measurements
of heat transport in La1.6−xNd0.4SrxCuO4 (Nd-LSCO),
a single-layer cuprate superconductor with a low critical
temperature Tc and critical field Hc2, such that super-
conductivity can readily be suppressed with static fields
down to T → 0. In Fig. 1(a), the pseudogap phase of
Nd-LSCO is delineated by its temperature T ?, defined
as the temperature below which ρ(T ) departs from its
T -linear behaviour at high temperature (Fig. 1(b)), in
agreement with spectroscopic measurements of the pseu-
dogap [20]. It ends at p? = 0.23±0.01. At p = 0.24, ρ(T )
is seen to remain T -linear down to T → 0 (Fig. 1(b)).
Hall measurements in Nd-LSCO find that nH ' 1 + p at
p = 0.24 > p? and nH ' p at p = 0.20 < p? [21], in good
agreement with YBCO [10].
The thermal conductivity κ of Nd-LSCO was measured
down to 50 mK in seven crystals, with p ranging from
0.12 to 0.24 (see Table I). In summary, we find that the
Wiedemann-Franz (WF) law is satisfied in the T = 0
limit in the normal state of Nd-LSCO at all dopings.
This shows, that well-defined quasiparticles exist even at
p? and the pseudogap phase is a metal whose fermionic
quasiparticles carry heat and charge as conventional elec-
trons do. A large drop in the electronic thermal conduc-
tivity κ0/T is observed upon crossing below p
?, consis-
tent with a drop of carrier density from n ' 1 + p to
n ' p. Because a very similar decrease is seen in zero
field, we conclude that the field does not affect the pseu-
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FIG. 1. Temperature-doping phase diagram of Nd-LSCO, show-
ing the superconducting phase (grey) below Tc (black line) [27]. The
circles mark the onset of the upturn in the resistivity ρ(T ), as observed
in our data forp = 0.20, 0.21, 0.22, 0.23, and 0.24 (Figs. 2 and 4), and
in the data of Ref. [28] for = 0.12 and p = 0.15. The dashed red
line is a guide to the eye ending on the T = 0 axis at p = p⋆ = 0.23,
the critical doping for the onset of the resistivity upturn (inset of
Fig. 4). The red square at p = 0.20 is the onset temperature for the
opening of the pseudogap in Nd-LSCO, as measured by ARPES [29].
At p = 0.24, the same ARPES study detects no pseudogap, down to
Tc [29]. We can therefore identify the red dashed line as the pseudogap
temperature T ⋆, and p⋆ (red diamond) as the T = 0 critical point of
the pseudogap phase.
old puzzle [4]. The “metal-to-insulator crossover” is in fact
the consequence of a T = 0 metal-to-metal transition into the
pseudogap phase at p⋆, whose ground state is a metal with
n = p holelike carriers.
In this paper, we study a third cuprate,
La1.6−xNd0.4SrxCuO4 (Nd-LSCO), known to exhibit an
upturn in both ρ(T ) and RH(T ) [27]. As we shall see, this
is really what proves that the upturns are due to a loss of
carrier density. An important advantage of Nd-LSCO is that
the opening of the pseudogap measured spectroscopically
[by angle-resolved photoemission spectroscopy (ARPES)]
[29] coincides with the start of the upturn in ρ(T ) [27], as
a function of doping and temperature, thereby linking the
transport anomalies directly to the pseudogap phase (Fig. 1).
We report a detailed investigation of the transition across
the pseudogap critical point of Nd-LSCO, p⋆ = 0.23 [30],
based on high-field measurements of ρ and RH at p = 0.20,
0.21, 0.22, 0.23, and 0.24. We show that the upturns in both
coefficients are quantitatively consistent with a carrier density
n that drops from 1+ p to p across p⋆. We find that the
transition proceeds via an intermediate regime whose width
in doping is comparable to that observed in YBCO [23] and
LSCO [4]. Comparing to calculations [31] strongly suggests
that the Fermi-surface transformation in these three cuprates
is caused by the sudden onset—at a T = 0 critical point—of a
new Brillouin zone (or umklapp surface) akin to that produced
by the onset of an antiferromagnetic phase with wave vector
Q = (π,π ). In such a model, the width in nH vs p is due to
an intermediate regime in which the Fermi surface contains
both holelike and electronlike carriers. This offers a possible
explanation for the puzzling Hall anomaly seen in Bi-2201
[6] and LSCO [7].
II. METHODS
Large single crystals of Nd-LSCO were grown by a
traveling float-zone technique in an image furnace, with
nominal Sr concentrations x = 0.20, 0.21, 0.22, 0.23, and 0.25.
Samples were cut into small rectangular platelets of typical
dimensions of 1 mm in length and 0.5 mm in width (in the
basal plane of the tetragonal structure), with a thickness of 0.2
mm along the c axis. The hole concentration p of each sample
is taken to be p = x, except for the x = 0.25 sample, whose
doping is p = 0.24± 0.005 (see the Appendix). Each sample
is labeled by its p value.
Six contacts were made on each sample with H20E silver
epoxy, in such a way as to short-circuit the c axis, and diffused
by annealing at high temperature in oxygen (two contacts for
the current, two for the longitudinal resistivity and two for the
transverse Hall signal). Measurements were performed using
a standard four-point technique with the current applied along
the length of the sample (in the CuO2 plane). The magnetic
field was applied parallel to the c axis (normal to the CuO2
plane). All samples were measured in Sherbrooke at a fixed
field of H = 0 and H = 16 T. In Nijmegen, two types of
measurements were carried out: field sweeps up to 37.5 T
FIG. 2. Electrical resistivity of Nd-LSCO at p = 0.22, as a
function of temperature for two values of the magnetic field: H =
16 T (red) and H = 33 T (burgundy). The dots are obtained from the
isotherms in Fig. 3(b), taken at H = 33 T. The straight dash-dotted
line is a linear fit to the 16-T curve above 70 K, which extrapolates to
ρ0 = 29 µ$ cm at T = 0. The measured curve is seen to deviate from
this linear dependence below T ⋆ ≃ 50 K (arrow). T ⋆ is the pseudogap
temperature, plotted on the doping phase diagram in Fig. 1. The
burgundy dashed line is a linear extension of the 33-T curve below
7 K, which yields ρ(0) = 148 µ$ cm at T = 0. Correcting for the
positive magnetoresistance [Fig. 9(b)] gives ρ(0) = 136 µ$ cm.
224517-2
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FIG. 1. (a) Temperature-doping phase diagram of Nd-
LSCO, showing the superconducting Tc (grey dome) and the
pseudogap temperature T ? extracted from the electrical re-
sistivity (red dots; ref. [21]) and from ARPES (red square;
ref. [20]). The red diamond marks the position of p? = 0.23,
the doping for the onset of the pseudogap phase in Nd-LSCO.
The red dashed line is a guide to the eye. (b) Electrical resis-
tivity vs temperature for Nd-LSCO at p = 0.22 and 0.24, at
H = 0 (grey data) and in the normal state at H = 33 T (col-
ored). The ps udogap temperature T ? (arrow) is defined as
the temperature below which ρ(T ) deviates from its T -linear
behaviour at high temperature (black line). Here, T ? = 50 K
at p = 0.22, and T ? = 0 at p = 0.24. (c) Electric resistivity
of Nd-LSCO at p = 0.24 and H = 16 T (blue) with a linear fit
(black line). The red dot is L0/(κ0/T ), with κ0/T measured
in the same sample at H = 15 T (Fig. 2), showing that the
Wiedemann-Franz law is perfectly satisfied.
doga ph se or its t ansport signatures (other than by
suppr ssing superconductivity).
Methods. – The thermal conductivity was measured
on the same five single crystals of Nd-LSCO used in our
previous study of electrical transport [21], with p = 0.20,
0.21, 0.22, 0.23, and 0.24. Details of the sample and con-
tact preparation can be found there. In addition, sim-
ilarly prepared samples with p = 0.12 and 0.15 were
measured. The Tc values for all samples are listed in
Table I. The thermal conductivity was measured in the
field-cooled state in a dilution refrigerator over the range
50 mK t 1.0 K, using a one-heater-two-thermomet rs
steady-state technique. The h at current was ppli d in
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FIG. 2. (a) Thermal conductivity κ versus temperature
plotted as κ/T vs T , for Nd-LSCO at p = 0.22 (red) and 0.24
(blue), in H = 0 (open symbols) and 15 T (dots). The lines
are linear fits to the data over the temperature range shown.
The y-intercepts of the fits are the residual electronic terms
κ0/T . The horizontal dashed lines are calculated from the
Wiedemann-Franz law L0/ρ(0) using the measured ρ(0) (see
text). (b) κ0/T as a function of applied magnetic field for p =
0.22 (red) and 0.24 (blue). At both dopings, κ0/T saturates at
high field, showing that the normal state has been reached.
The error bars reflect the uncertainty on the fits shown in
panel (a), which comes from varying the temperature range.
For p = 0.24 the error bars are smaller than the symbols.
the ab plane of the low-temperature tetragonal structure
of Nd-LSCO and the magnetic field was applied along
the c axis.
Results.– In Fig. 2(a), we show the thermal conductiv-
ity of Nd-LSCO for p = 0.22 and 0.24 at H = 0 and 15 T,
plotted as κ/T vs T . As sh wn by the linear fits, the d ta
below 0.4 K are well describ d by κ/T = κ0/T + BT ,
where κ0/T is the electronic term and BT is the phonon
term. (The phonon conductivity κph goes as κph ∼ Tα,
with α = 2 at high doping where the system is a good
metal and phonons are mainly scattered by electrons, as
in overdoped Tl2201 [22], and α > 2 at low doping where
the system is much more resistive. The parameter B is
larger at H = 0 because the density of quasiparticles that
scatt r phonons is lower in the superconducting state.)
3p Tc κ0/T ρ(0) L0/ρ(0) ρ0
(K) (mW/K2cm) (µΩ cm) (mW/K2cm) (µΩ cm)
0.12 5.0 0.036 600 0.041 –
0.15 14.5 0.045 445 0.055 –
0.20 15.5 0.105 229 0.106 46
0.21 15.0 0.083 253 0.096 59
0.22 14.7 0.184 138 0.177 29
0.23 12.4 0.410 60 0.410 43
0.24 10.7 1.144 21.4 1.140 21.4
TABLE I. Doping p, superconducting Tc, residual electronic
term κ0/T at H = 15 T (Fig. 3), normal state resistivity
ρ(0) as T → 0 at H = 15 T (see text), ratio L0/ρ(0), and
residual resistivity ρ0 (see text) for all our measured Nd-LSCO
samples. For p = 0.24, the values are at H = 16 T, except
Tc which is in zero field. The uncertainty on κ0/T comes for
the fits (Fig. 3) and is ± 0.01 mW/K2cm for all samples. The
error bar on ρ(0) comes from the extrapolation to T = 0 and
H = 15 T, and is estimated to be ± 5 µΩ cm. The uncertainty
on L0/ρ(0) is calculated based on this error. The uncertainty
on ρ0 comes from the high temperature linear-T fits (Fig. 1)
and is ± 2 µΩ cm. For p = 0.24, the error on ρ(0) = ρ0 is
± 0.5 µΩ cm, owing to the extended linear-T regime down to
low temperature.
In Fig. 2(b), we plot κ0/T vs H for both samples, show-
ing how the conductivity increases with field from the
superconducting state at H = 0 until the normal state,
reached at H ' 10 T for p = 0.24 and H ' 15 T for
p = 0.22. (Data at all fields are shown in SM Figs. S1
and S2.) In Fig. 3, the normal-state thermal conductiv-
ity at H = 15 T is displayed for all seven samples, with
fits to extract κ0/T . (Data at H = 0 are shown in SM
Figs. S3 and S4.)
Wiedemann-Franz law. – At p = 0.24, we make a
precise test of the WF law, given by :
κ0
T
=
L0
ρ(0)
where ρ(0) is the electrical resistivity as T → 0 and L0
is the Sommerfeld value of the Lorenz number, equal to
2.44×10−8 WΩ/K2. In Fig. 1(c), we plot ρ vs T measured
in our Nd-LSCO sample with p = 0.24 at H = 16 T [21],
using the same contacts as for our κ measurements. The
data are perfectly linear in temperature below ∼ 60 K,
down to ∼ 10 K, the temperature below which ρ(T )
drops because of paraconductivity. (In Fig. 1(b), we
see that applying 33 T confirms that ρ(T ) does remain
linear down to at least 1 K [9].) A linear extrapola-
tion of the 16 T data yields ρ(0) = 21.4 µΩ cm, and
therefore L0/ρ(0) = 1.14 mW/K
2cm. This matches pre-
cisely the measured thermal conductivity, which yields
κ0/T = 1.14 mW/K
2cm at H = 16 T, as indicated by
the red dot at T = 0 in Fig. 1(c).
This shows that the WF law – a fundamental property
of conventional metals and Fermi liquids – is precisely
verified at the cuprate pseudogap critical point p?, de-
spite the fact that the resistivity exhibits the classic sig-
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FIG. 3. κ/T versus temperature for Nd-LSCO at H = 15 T,
for (a) p = 0.22, 0.23, and 0.24, (b) p = 0.20, 0.21, and 0.22,
and (c) p = 0.12 and 0.15. In (a) and (b), the lines are
linear fits to the data over the entire range shown. In (c) the
lines are power-law fits to the data over the entire range of
the data.
nature of non-Fermi-liquid behaviour [23], namely ρ ∝ T
as T → 0. Moreover, the electronic specific heat of Nd-
LSCO at p = 0.24 was recently shown to exhibit the
classic T dependence associated with quantum critical-
ity, namely Cel ∝ −T logT as T → 0 [24]. When com-
bined, the three properties (ρ, Cel and κ) impose clear
constraints on the nature of the pseudogap critical point.
The WF law was also tested in our six other samples,
and found to hold in all cases, within error bars. The
values of κ0/T obtained from fits to the H = 15 T data
in Fig. 3 are listed in Table I. We also list the values
of ρ(0) measured on the same samples with the same
contacts, extrapolated to T = 0 and to H = 15 T
(data from ref. [21] and SM Fig. S5). For example, in
Fig. 1(b) the data for our p = 0.22 sample extrapolate to
147 ± 5 µΩ cm at T = 0 and H = 33 T. Accounting for
the magnetoresistance measured in that sample [21], we
obtain ρ(0) = 138 ± 5 µΩ cm at H = 15 T, and there-
fore L0/ρ(0) = 0.177 ± 0.010 mW/K2cm, which closely
matches the measured κ0/T = 0.184± 0.010 mW/K2cm
at H = 15 T (Table I). The WF law is nicely satisfied.
In Fig. 4(a), we plot κ0/T (red dots) and L0/ρ(0) (blue
squares) vs doping, both at H = 15 T, for all 7 samples.
We find that the WF law is satisfied with 5% precision
in the pure pseudogap phase, free of charge-density-wave
(CDW) order (in the doping interval between p ' 0.18
and p?), as shown by our data at p = 0.20, 0.21, 0.22 and
0.23. This shows that the ground state of the enigmatic
pseudogap phase (without superconductivity), whatever
its Fermi surface (closed pockets or arcs) and broken
symmetries, has well-defined mobile fermionic excitations
that carry heat and charge just as normal electrons do.
From our data at p = 0.12 and 0.15 (Fig. 4(a) and Ta-
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FIG. 4. (a) κ0/T in Nd-LSCO at H = 0 (open red circles)
and 15 T (red dots), and L0/ρ(0) at H = 15 T (blue squares),
as a function of doping. The error bars on L0/ρ(0) come from
the geometric factor error, ± 10%, and the uncertainty on
estimating ρ(0), ± 5 µΩ cm (± 0.5 µΩ cm for p = 0.24).
The error bar on κ0/T is ± 0.01 mW/K2cm, which is smaller
than the symbols. (b) Ratio (κN/T )/(L0/ρ0) as a function
of doping, where κN/T is the normal state κ0/T , measured
at H = 15 T, and ρ0 is proportional to the level of disorder
in each sample (see text). The error bars come from the
uncertainty on ρ0, estimated to be ± 2 µΩ cm (± 0.5 µΩ cm
for p = 0.24), and the error on κ0/T as in panel (a). The grey
vertical band in both panels gives the position of p?.
ble I), the WF law is also satisfied inside the CDW phase
of Nd-LSCO (0.08 < p < 0.18), as previously reported for
the CDW phase of YBCO (in the transverse Hall chan-
nel, at p = 0.11) [25]. The WF law was also found to
hold well above p?, in two strongly overdoped cuprates:
in Tl-2201 at p = 0.3, where ρ(T ) = ρ0 + A1T + A2T
2,
with 1% precision [26], and in LSCO at p = 0.33, where
ρ(T ) = ρ0 +A2T
2, with 20% precision [27].
Drop in conductivity below p?. – With decreasing tem-
perature, at fixed doping (p < p?), the onset of the pseu-
dogap phase at the crossover temperature T ? (Fig. 1(a))
causes a large upturn in ρ(T ) at low T (Fig. 1(b)). In
the T = 0 limit, the fact that κ0/T is not zero but finite
for p < p? and that it obeys the WF law, shows that
the ground state of the pseudogap phase is a metal and
not an insulator. Therefore, with decreasing p at T = 0,
in the absence of superconductivity, the transition that
occurs at p? is a metal-to-metal transition, and not a
metal-to-insulator crossover.
We say ‘transition’ because it is sharp. This can be
seen in Fig. 4(a), where the normal-state conductivity
drops precipitously between p = 0.24 and p = 0.21 –
whether it is the electrical conductivity (L0/ρ(0); blue
squares) or the thermal conductivity (κ0/T ; red dots).
However, to be more precise in plotting the doping evolu-
tion of the conductivity, we need to factor out variations
in the level of disorder from sample to sample.
Hydrostatic pressure was recently shown to suppress
the pseudogap and resistivity upturn in Nd-LSCO close
to p?, revealing a linear-T resistivity down to T = 0
at p = 0.22 and 0.23 under 2 GPa [28]. This provides
a direct measure of the intrinsic residual resistivity ρ0
in the absence of the pseudogap phase. An equivalent
way to extract ρ0 is to extrapolate linearly to T = 0 the
zero-field T -linear resistivity ρ(T ) above T ?, as shown
by the solid line in Fig. 1(b), which yields the correct
(pressure-revealed) ρ0 for that sample. (Note that dis-
order in cuprates is well-known to simply cause a rigid
shift of the T -linear resistivity [29].) In Table I, we list
the value of ρ0 thus obtained in all samples. We see that
ρ0 varies by a factor 3 or so. In particular, the disor-
der level in our p = 0.21 sample is twice as large as in
our p = 0.22 sample. This is why the doping depen-
dence of κ0/T is non-monotonic, with a local minimum
at p = 0.21 (Fig. 4(a)).
In Fig. 4(b), we correct for the variation in disorder
level by dividing κ0/T at H = 15 T (red dots in Fig. 4(a))
by L0/ρ0. We now see that the conductivity evolves
smoothly (and weakly) from p = 0.22 to p = 0.20. (Note
that because the same contacts are used to measure ρ0
and κ0/T on each sample, there is no uncertainty associ-
ated with geometric factors in the ratio (κ0/T )/(L0/ρ0).)
Given that the thermal conductivity normalized for disor-
der is 1.0 at p = 0.24, since ρ(0) = ρ0 at that doping, the
drop down to the plateau at p = 0.20− 0.22 occurs very
rapidly, in an interval δp ' 0.01 at p? = 0.23 (Fig. 4(b)).
This sharp drop reveals that the onset of the pseudogap
phase at T = 0 is a transition as a function of doping,
although it appears to be a crossover as a function of
temperature.
It is interesting to examine the magnitude of this rapid
drop in the T = 0 conductivity across p?. The normalized
conductivity, (κ0/T )/(L0/ρ0), goes from 1.0 at p = 0.24
down to a value given by p for p = 0.22 and below. This
shows that in the pure pseudogap phase, the T = 0 con-
ductivity is a fraction p of its full value in the absence
of the pseudogap, when the metal has its large Fermi
surface. This large and sudden drop in conductivity at
p?, by a factor ∼ 5, is a clear signature of the pseudo-
5gap transition. It is consistent with the drop in carrier
density n inferred from the Hall effect in YBCO [10] and
Nd-LSCO [21], from n ' 1 + p at p > p? to n ' p at
p < p?. Specifically, in the same samples of Nd-LSCO,
the Hall number nH drops by a factor 5 between p = 0.24
and p = 0.20, where nH ' p, and so does the conductiv-
ity.
Model calculations of transport properties across a
quantum phase transition where AF order sets in [11,
13, 14] are able to reproduce the drop in nH seen in
YBCO [10] and Nd-LSCO [21], as expected from the Lut-
tinger rule given the reconstruction of the Fermi surface
imposed by the AF Brillouin zone. However, the calcu-
lated change in the associated conductivity (at T = 0) is
smaller than what we observe in Nd-LSCO, roughly by
a factor 2 [14]. The pseudogap phase seems to have this
interesting property that the conductivity suffers the full
loss of carrier density, as already noted for LSCO [19].
This large drop in conductivity is difficult to explain in a
scenario of nematic order [30], for such order does not re-
duce the carrier density, it only changes the Fermi surface
shape and curvature [17].
Superconducting state (H = 0).– Turning to the zero-
field data (Fig. 2 and SM Figs. S3 and S4), we observe
a finite and sizable residual electronic thermal conduc-
tivity in the superconducting state (Fig. 4(a)). This is
due to transport by d-wave nodal quasiparticles. In the
clean limit where the impurity scattering rate Γ0 is much
smaller than the d-wave gap maximum ∆0, κ0/T is ‘uni-
versal’, i.e., independent of Γ0, and only dependent on
the quasiparticle velocities vF and v∆ [31–33]. As Γ0
increases and κN/T ∼ 1/Γ0 decreases, κ0/T increases
and eventually becomes a sizable fraction of κN/T , when
Γ0 becomes comparable to ∆0 [34]. In that dirty limit,
κ0/T mimicks κN/T . This is the limit we are in with all
our Nd-LSCO samples. For our p = 0.24 sample, with
ρ0 = 21.4 µΩ cm and Tc = 10.7 K (Table I), we estimate
that Γ0 ' ∆0. In that sample, κ0/T = 0.81 mW/K2 cm
at H = 0 (Fig. 2), which is 70% of the normal-state value,
κN/T , measured at H = 15 T (Fig. 2). Note that even
the significantly cleaner crystals of overdoped Tl2201,
with ρ0 ' 6 µΩ cm and Tc = 15 K, are in the dirty
limit, with κ0/T ' 0.3 κN/T [26]. Note also that such
high normal-state fractions, due to strong pair breaking
by disorder, necessarily imply low superfluid densities,
perhaps as low as ' 10 % of the carrier density [34], as
found in samples of overdoped LSCO with values of ρ0
and Tc comparable to our Nd-LSCO samples [35].
In Fig. 4(a), we see that κ0/T (at H = 0) closely tracks
κN/T (at H = 15 T) as a function of doping. In par-
ticular, it exhibits a very similar drop below p?. This
allows us to draw two important conclusions. First, the
pseudogap critical point is present in the superconduct-
ing state, at a location unchanged from the normal state,
as found recently in Raman studies of Bi2212 [36]. Su-
perconductivity does not seem to affect the pseudogap
phase very much. Secondly, the similarity between high-
field and zero-field thermal conductivity data shows that
the pseudogap signatures seen in the Hall coefficient and
electrical resistivity are not high-field effects, but essen-
tially zero-field phenomena. In other words, the loss of
carrier density deduced from transport measurements (of
RH, ρ or κ) is independent of magnetic field.
Summary. – We measured the thermal conductivity of
Nd-LSCO across its pseudogap critical point p? = 0.23.
In the field-induced normal state, the fermionic conduc-
tivity κ0/T at T = 0 drops precipitously when p falls
below p?, in tandem with the drop in the Hall number
nH [21], confirming that the pseudogap phase is char-
acterized by a drop in carrier density [10]. At H = 0,
κ0/T exhibits a very similar drop below p
?, showing that
the drop in carrier density is not a high-field effect and
p? is not shifted by the field. The WF law is precisely
satisfied at p = 0.24, even if the charge carriers exhibit
non-Fermi-liquid behavior at that doping, namely a resis-
tivity that remains T -linear down to the lowest tempera-
tures [9]. The WF law is also satisfied at p < p?, showing
that the pseudogap phase has fermionic excitations that
conduct heat and charge as normal electrons do. In the
superconducting state, κ0/T at H = 0 is ' 70 % of
its normal-state value, showing that there is strong pair
breaking in our Nd-LSCO crystals. This implies that the
superfluid density must be very small, as indeed found in
LSCO films with similar disorder levels [35].
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FIG. S1. Thermal conductivity κ versus temperature plotted as κ/T vs T for Nd-LSCO at p = 0.22, in magnetic fields as
indicated. In all panels the line is a linear fit to the data over the entire range shown.
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FIG. S2. Thermal conductivity κ versus temperature plotted as κ/T vs T for Nd-LSCO at p = 0.24, in magnetic fields as
indicated. In all panels the line is a linear fit to the data over the entire range shown.
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FIG. S3. Thermal conductivity κ versus temperature plotted as κ/T vs T for Nd-LSCO at p = 0.12 and 0.15, in magnetic
fields as indicated. In all panels the line is a power-law fit of the form κ/T = a+ bTα to the data over the entire range shown.
For p = 0.12 the values of α are 1.56 and 1.37 in H = 0 and 15 T, respectively. For p = 0.15 the values of α are 1.47 and 1.28
in H = 0 and 15 T, respectively.
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FIG. S4. Thermal conductivity κ versus temperature plotted as κ/T vs T for Nd-LSCO at dopings as indicated, in zero field.
The lines are linear fits to the data over the entire range shown
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FIG. S5. Electrical resistivity of Nd-LSCO at p = 0.12 and 0.15 in H = 15 T, shown on a linear scale up to 300 K (top), and
on semi-log scale at low temperature below 100 K.
